VOLUME 13 | NUMBER 9 | SEPTEMBER 2010 nature neurOSCIenCe a r t I C l e S MeCP2 is a transcription factor that binds to methylated cytosine residues of CpG dinucleotides in DNA, recruiting histone deacetylases and other transcriptional repressors to silence target genes 1 . Loss-of-function mutations or duplications of the MECP2 gene cause Rett syndrome (RTT) 2,3 , a neurodevelopmental disorder associated with severe mental retardation. Several lines of evidence suggest that MeCP2 may also function in drug addiction. First, repeated cocaine injections increase MeCP2 expression in addiction-relevant regions of the brain, particularly in the dorsal striatum 4 . Second, drug-induced neuroplasticity in brain reward circuitries is thought to underlie addiction 5 , and MeCP2 is emerging as a key regulator of many basic aspects of neuronal plasticity in postmitotic neurons 6 . Third, the development of compulsive drug-taking is hypothesized to reflect migration of behavioral control from ventral to dorsal domains of the striatum that are less subject to executive control 7 . RTT is characterized by compulsive behaviors, including teeth gnashing and writhing limb movements, with autonomous motor behaviors considered a necessary diagnostic criterion for the disorder 8 . These habitual behaviors are related to dysfunction in dorsal striatal activity in people with RTT 8, 9 , suggesting that MeCP2 may function in compulsion-related striatal plasticity.
a r t I C l e S
MeCP2 is a transcription factor that binds to methylated cytosine residues of CpG dinucleotides in DNA, recruiting histone deacetylases and other transcriptional repressors to silence target genes 1 . Loss-of-function mutations or duplications of the MECP2 gene cause Rett syndrome (RTT) 2, 3 , a neurodevelopmental disorder associated with severe mental retardation. Several lines of evidence suggest that MeCP2 may also function in drug addiction. First, repeated cocaine injections increase MeCP2 expression in addiction-relevant regions of the brain, particularly in the dorsal striatum 4 . Second, drug-induced neuroplasticity in brain reward circuitries is thought to underlie addiction 5 , and MeCP2 is emerging as a key regulator of many basic aspects of neuronal plasticity in postmitotic neurons 6 . Third, the development of compulsive drug-taking is hypothesized to reflect migration of behavioral control from ventral to dorsal domains of the striatum that are less subject to executive control 7 . RTT is characterized by compulsive behaviors, including teeth gnashing and writhing limb movements, with autonomous motor behaviors considered a necessary diagnostic criterion for the disorder 8 . These habitual behaviors are related to dysfunction in dorsal striatal activity in people with RTT 8, 9 , suggesting that MeCP2 may function in compulsion-related striatal plasticity.
MicroRNAs (miRNAs) are a class of non-protein-coding RNA transcripts that regulate gene expression at the post-transcriptional level. miRNAs control gene expression by binding to complementary sequences (miRNA response elements; MREs) in the 3′ untranslated region (3′ UTR) of target mRNA transcripts to facilitate their degradation and/or inhibit their translation 10 . We recently reported that expression of miR-212 is increased in the dorsal striatum of rats with extended but not restricted daily access to intravenous cocaine self-administration 11 . Overexpression of miR-212 in the dorsal striatum decreased, whereas its knockdown increased, cocaine intake in rats with extended but not with restricted drug access 11 , suggesting that high striatal miR-212 levels are a counteradaptive response to cocaine overconsumption. Notably, miR-212 decreases MeCP2 levels in human gastric carcinoma cell lines 12 , and a closely related miRNA, miR-132, represses MeCP2 in cultured mouse cortical neurons 13 . Conversely, the MIR212 gene is located within a genomic region enriched in CpG dinucleotides 14 , termed a CpG island, and subsets of genes within CpG islands are subject to transcriptional repression by MeCP2 (ref. 15) . Thus, it is a possibility that MeCP2 and miR-212 may be locked in an inhibitory homeostatic relationship in the dorsal striatum, and that interactions between the two may influence cocaine-taking behavior.
MeCP2 levels are closely correlated with those of brain-derived neurotrophic factor (BDNF) in the brain 16 , although the underlying dynamics of this complex relationship remain unclear 17, 18 . MeCP2 overexpression in cultured mouse cortical neurons increases BDNF expression 13 , whereas brain levels of BDNF are reduced in Mecp2 loss-of-function mutant mice 16 . Restoring BDNF in the brains of Mecp2 mutant mice ameliorates many of their RTT-like physiological and behavioral deficits 19, 20 . BDNF also contributes to the actions of cocaine. For example, BDNF infused into the nucleus accumbens (NAcc) increases sensitivity to the psychomotor stimulant effects of cocaine 21 , and it induces a long-lasting increase in cocaine selfadministration behavior in rats 22 . Conversely, targeted disruption of the Bdnf gene in NAcc decreases cocaine self-administration in mice 23 . BDNF concentrations gradually increase in midbrain dopamine and amygdalar regions after cessation of cocaine self-administration in rats 24, 25 . Such increases in BDNF levels, and consequent activation of the downstream ERK signaling cascade, may underlie the progressively greater motivation to seek cocaine during periods of increasing drug abstinence 25, 26 , a phenomenon termed "incubation of craving." It is noteworthy that BDNF transmission in the prefrontal cortex (PFC) decreases cocaine-seeking behavior 27 , and in the striatum rats with extended (6-h) but not restricted (1-h) daily access to cocaine self-administration (0.5 mg per kilogram body weight per infusion) for 7 consecutive days compared with expression in cocaine-naive control rats, when assessed 24 h after the final self-administration session. In contrast, MeCP2 was upregulated in hippocampus similarly in both restricted-and extended-access rats, and was unaltered by cocaine in the cerebellum (Supplementary Fig. 1) .
To investigate the role of striatal MeCP2 in regulating cocaine intake, we designed and validated a lentiviral delivery system of a short hairpin interfering RNA to knock down MeCP2 expression (lenti-sh-MeCP2; Fig. 2a and Supplementary Figs. 2 and 3) . In extended-access rats treated with an empty lentiviral vector (lenti-control rats), we observed a compulsion-like escalation of intake similar to that previously reported 11, 29 (Fig. 2b) . Notably, knockdown of striatal MeCP2 reversed . In all cases, n = 6 rats per group, and error bars are given as s.e.m. knockdown flattens the cocaine dose-response curve in rats with extended cocaine access (twoway ANOVA; virus F 1,8 = 11.6, P < 0.01; dose F 4,32 = 4.7, P < 0.005; virus × dose F 4,32 = 6.7, P < 0.005). Units on x axis increase not linearly but by factors of 2. (d) MeCP2 knockdown did not alter cocaine intake in rats with restricted access to the drug. In all cases, n = 6 rats per group, and error bars are given as s.e.m. 1 1 2 2 VOLUME 13 | NUMBER 9 | SEPTEMBER 2010 nature neurOSCIenCe a r t I C l e S the trajectory of drug-taking behavior: lenti-sh-MeCP2 rats with extended access initially consumed the same high amounts of cocaine as lenti-control rats, but their intake progressively decreased across sessions (Fig. 2b) . Upward and downward shifts in the cocaine doseresponse (D-R) curve reflect increases and decreases, respectively, in the motivation to consume the drug 11, 29, 30 . When we varied the unit dose of cocaine available for self-administration in these rats, we found that the cocaine D-R curve was shifted downward in lenti-sh-MeCP2 rats with extended access compared with that in lenti-control rats (Fig. 2c) . In fact, the D-R curve was entirely flat in the lenti-sh-MeCP2 rats, indicating that their motivation to consume cocaine was almost completely abolished. Cocaine intake across various doses was similar in lenti-sh-MeCP2 and lenti-control rats under restricted access conditions ( Fig. 2d and Supplementary Fig. 4) . Thus, MeCP2 knockdown decreased the motivation to consume cocaine, but only in rats with extended access to the drug. Because lenti-control and lenti-sh-MeCP2 rats showed similar high rates of responding for food rewards under the same reinforcement schedule (fixed ratio 5; see Online Methods) used for cocaine self-administration ( Supplementary Fig. 5 ), this effect was not related to deficits in task performance.
MeCP2-miR-212 interactions control cocaine intake Next, we tested whether MeCP2 may influence cocaine intake through regulation of striatal miR-212 expression. We found that miR-212 expression was increased in HEK-293 cells after knockdown of MeCP2 (Fig. 3a) . Expression of miR-132, whose gene is arrayed in tandem with that of miR-212 on chromosome 10 in rats and chromosome 17 in humans, with the two miRNAs sharing close sequence homology, was similarly increased (Fig. 3a) . Further, the DNA methyltransferase inhibitor 5-aza-2′-deoxycytidine, which decreases the methylation status of DNA and thereby reduces the inhibitory influence of MeCP2 on gene expression 12 , also increased miR-212/132 expression (Fig. 3b) .
In a replication of recent findings from our laboratory 11 , miR-212 and miR-132 were upregulated by ~25% and ~40%, respectively, in the dorsal striatum of the lenti-control rats with extended cocaine access when measured 24 h after the last self-administration session ( Fig. 3c,d ; tissues from rats shown in Fig. 2 ). This effect of cocaine was markedly increased by striatal MeCP2 knockdown (Fig. 3c,d ). Moreover, a locked nucleic acid (LNA)-modified antisense oligonucleotide (LNA-antimiR-212), which disrupts miR-212 signaling without affecting the actions of miR-132 or other miRNAs 11 , 'rescued' the decreased cocaine intake in the extended access lenti-sh-MeCP2 rats without altering intake in the restricted access group (Fig. 3e) . Previously, we found that miR-212 decreases cocaine intake through amplification of striatal CREB signaling, at least in part 11 . Expression of Fos, a known CREB-responsive gene, was upregulated by ~30% in lenti-control rats with extended access (Fig. 3f) , and this effect was approximately tenfold greater in the MeCP2 knockdown rats (Fig. 3f) . Striatal MeCP2 therefore attenuated cocaine-induced increases in striatal miR-212 expression, thereby limiting the stimulatory effects of miR-212 on striatal CREB signaling.
miR-212 inhibits striatal MeCP2 expression
Next, we tested whether miR-212 may repress striatal MeCP2 expression. Alternative polyadenylation sites can give rise to at least four In all cases, samples were run in triplicate for in vitro studies, there were n = 6 rats per group for in vivo studies, and error bars are given as s.e.m.
a r t I C l e S different MECP2 mRNA transcripts, each with 3′ UTRs of a different size 31 . The two most prominent transcripts are those with short (~1.8 kb) or long (~10 kb) 3′ UTRs. The long but not the short transcript is abundantly expressed in brain and is known to be regulated by miR-132 (ref. 13) , and it contains a putative MRE for miR-212 (ref. 12). We found rat PC12 cells to express both the long and short Mecp2 transcripts, and miR-212 selectively reduced levels of the long but not the short form (Fig. 4a) . Consistent with these data, total protein levels of MeCP2 were also reduced in PC12 cells overexpressing miR-212 (Fig. 4b) . Conversely, inhibition of miR-212 signaling in PC12 cells using the LNA-antimiR-212 oligonucleotide increased expression of the long form of MeCP2 (Fig. 4c) . When we overexpressed miR-212 in the dorsal striatum using a lentiviral vector (lenti-miR-212; Fig. 4d ),
we found that MeCP2 levels were reduced in restricted access rats, and that the magnitude of this knockdown was even greater in extended access rats (Fig. 4e,f) . Furthermore, we replicated our previous finding that cocaine intake is markedly lower in lenti-miR-212 rats with extended but not restricted cocaine access (Supplementary Fig. 6 ), effects identical to those described above for lenti-sh-MeCP2. These findings identify a negative homeostatic relationship between MeCP2 and miR-212 in dorsal striatum similar to that previously identified between MeCP2 and miR-132 in cortical neurons 13 .
MeCP2-miR-212 interactions control cocaine effects on BDNF Next, we tested whether MeCP2-miR-212 interactions may regulate the effects of cocaine on striatal BDNF levels. First, BDNF levels were a r t I C l e S upregulated in dorsal striatum of extended access rats, when measured 24 h after the last cocaine session (Fig. 5a) . BDNF levels were unaltered in the hippocampus and cerebellum (Supplementary Fig. 7 ) and were similarly unaltered in the NAcc and PFC even though MeCP2 was downregulated in these areas (Supplementary Fig. 1 ). Second, we found that striatal BDNF levels were significantly reduced in lenti-sh-MeCP2 rats with restricted or extended access to cocaine (Fig. 5b) , and in those that remained cocaine-naive ( Supplementary  Fig. 8 ). Third, striatal BDNF levels were slightly reduced under restricted access conditions in lenti-miR-212 rats, and this inhibitory effect was far greater under extended access conditions (Fig. 5c) , data closely mirroring the actions of miR-212 on striatal MeCP2 levels (Fig. 4e,f) . Bioinformatics analysis (http://www.targetscan. org/) failed to reveal a putative binding site for miR-212 in the 3′ UTR of BDNF. Further, miR-212 did not alter expression of a reporter construct in which the entire BDNF 3′ UTR was fused to a green fluorescent protein (GFP) cassette 32 (Supplementary Fig. 9 ), even when the cells were stimulated with forskolin (10 μM) to trigger potential activity-dependent interactions. It is therefore unlikely that miR-212 directly represses BDNF expression. Instead miR-212 likely regulates BDNF levels through an indirect mechanism involving MeCP2 knockdown. Hence, MeCP2 and miR-212 regulate striatal BDNF levels in an opposite manner in cocaine self-administering rats, suggesting that homeostatic interactions between these factors control the magnitude by which cocaine increases striatal BDNF expression.
BDNF facilitates compulsive cocaine-taking behavior Next, we investigated the behavioral relevance of BDNF transmission in the dorsal striatum in controlling cocaine intake. Specifically, we used a lentivirus vector to overexpress BDNF (lenti-BDNF; Fig. 6a and Supplementary Fig. 10 ) and examined cocaine intake under restricted and extended access conditions. We found that lenti-control and lenti-BDNF rats initially consumed the same number of cocaine infusions under extended access conditions (Fig. 6b) . However, the lenti-BDNF rats consumed progressively more cocaine than the lenticontrol rats across sessions and their intake escalated at a more rapid rate (Fig. 6b) . After approximately 16 consecutive extended access sessions there was an abrupt and dramatic increase in cocaine consumption in the lenti-BDNF rats, such that they consumed almost 100 infusions (~1.5 fold increase; 50 mg kg −1 cocaine) more than the lenti-control rats during each session. After 3 consecutive sessions of this high intake we stopped the experiment because of fears of drug overdose and an obvious deterioration in the well-being of the rats (loss of body weight; increased agitation and reactivity to environmental noise or sound stimuli; repetitive face scratching resulting in bleeding and injury). The cocaine D-R curve was also shifted upward in the lenti-BDNF rats compared with the lenticontrols with extended access (Fig. 6c) . Cocaine intake did not differ between lenti-control and lenti-BDNF rats with restricted cocaine access ( Supplementary Fig. 11) , and the cocaine D-R curve was similarly unaltered (Supplementary Fig. 11 ). Also, we found no evidence for behavioral abnormalities (for example, weight loss, agitation and self-injury) in the lenti-BDNF rats with restricted cocaine access. Lenti-control and lenti-BDNF rats did not differ in their responding for food rewards under the same reinforcement schedule used for cocaine self-administration (Supplementary Fig. 11 ), demonstrating that effects of BDNF overexpression on cocaine intake were not secondary to alterations in task performance. When we assessed BDNF levels in the above rats 24 h after the last self-administration session, we again found that BDNF expression was increased in the dorsal striatum of lenti-control rats with extended cocaine access compared to those with restricted access (Fig. 6d) . Moreover, there was a general increase in striatal BDNF in the lenti-BDNF rats, confirming that the virus was functional, with the highest values seen in the lenti-BDNF rats with extended cocaine access, which had consumed by far the highest levels of cocaine (Fig. 6d) .
A concern related to virus use in striatum is that retrograde transport back to cortical areas may occur, resulting in behavioral effects that are independent of the striatum and related to virus-induced alterations in cortical gene expression. We observed low levels of GFP-positive cell bodies dispersed throughout the PFC of lentish-MeCP2 rats (Supplementary Fig. 12 ), an area rostral to the dorsal striatum and sites of virus injection. However, we did not detect any decreases in cortical MeCP2 in these rats (Supplementary Fig. 13 ). 
a r t I C l e S
Similarly, we did not detect any alterations in cortical BDNF levels in lenti-BDNF rats (Supplementary Fig. 13) . It is therefore possible that lentivirus vectors may undergo low levels of retrograde transport away from injection sites in the striatum, but this phenomenon is unlikely to contribute to the behavioral effects reported here. Finally, we investigated the role for endogenous striatal BDNF transmission in regulating cocaine intake. Specifically, we disrupted BDNF transmission in the dorsal striatum using a neutralizing antibody to BDNF known to reduce BDNF signaling in rat brain 33 , and assessed cocaine intake under restricted access and extended access conditions. The antibody to BDNF decreased cocaine intake in extended access but not restricted access rats (Fig. 7) , whereas immunoglobulin G (IgG) control injections had no effects on cocaine intake (Fig. 7) . Endogenous BDNF transmission in the dorsal striatum therefore regulates cocaine intake under extended but not restricted access conditions. DISCUSSION Extended access to cocaine can trigger compulsion-like increases in the motivation to consume the drug, reflected in escalating intake and an upward shift in the cocaine dose-response curve 29 . Little is known about the molecular mechanisms that control the transition from controlled to compulsive cocaine intake. Here, we show that MeCP2 and miR-212 are locked in a state of negative homeostatic coupling in the dorsal striatum, where they regulate the effects of self-administered cocaine on striatal BDNF expression in an opposite manner. Elevating BDNF levels in the dorsal striatum triggered an apparent loss of control over intake in rats with extended drug access, whereas disrupting striatal BDNF transmission reduced cocaine intake under extended access conditions. Thus, the dynamic balance between MeCP2 and miR-212 expression levels in the dorsal striatum, and factors that can influence this balance, are likely to be crucial in establishing vulnerability to develop compulsive cocaine-taking behaviors.
MeCP2 controls cocaine intake Striatal MeCP2 expression was upregulated in extended but not restricted access rats. Moreover, striatal MeCP2 knockdown profoundly decreased cocaine intake and rendered the cocaine D-R curve almost entirely flat in extended but not restricted access rats, suggesting that motivation to consume cocaine was almost completely abolished in these rats. Striatal MeCP2 may therefore be critical in regulating the increasing motivation to consume cocaine observed in rats under extended access conditions. A concern related to MeCP2 knockdown in adult brain is the possibility that RTT-like behavioral disturbances may emerge and that a decrease in cocaine intake may be secondary to these behavioral deficits 34 . Consistent with previous reports involving RNA interference-mediated knockdown of MeCP2 in rat brain 35 , we did not observe RTT-like behavioral disturbances or deficits in behavioral performance after striatal MeCP2 knockdown. This may reflect the fact that MeCP2 deficiency specifically in GABAergic cells in the forebrain, a cell population that was not targeted in our studies, may account for the motor deficits associated with RTT syndrome 36 .
MeCP2 knockdown affected cocaine intake in extended but not restricted access rats. This may relate to a progressively more important role for the dorsal striatum in regulating drug-taking behavior as drug exposure increases. Recently it was shown that repeatedly engaging in drug-taking and drug-seeking behaviors over prolonged periods of time engages 'spiraling loops' of connectivity between the ventral striatum, midbrain dopamine neurons and ever more dorsal striatal domains 37 . That is, as drug-taking becomes more established and habitual, behavioral control transitions from ventral to dorsal striatal domains through striato-nigral-striatal loops 37 , such that dopaminergic transmission in the dorsal striatum becomes ever more pronounced. Our data suggest that behavioral control of drugtaking transitions rapidly to the dorsal striatum in extended access rats, reflected by the fact that MeCP2 knockdown began to influence drug-taking behavior after just a few (~3-4) extended access sessions, whereas cocaine-taking behavior was not influenced by these experimental manipulations in restricted access rats.
MeCP2 acts through homeostatic interactions with miR-212
Because MeCP2 is a transcriptional repressor 1,38 , we sought to identify MeCP2-targeted genes that may explain its complex actions on cocainetaking behavior. We recently reported that striatal miR-212 expression is increased in extended but not restricted access rats 11 . Moreover, striatal miR-212 overexpression decreases cocaine intake and flattens the cocaine D-R curve in extended but not restricted access rats 11 , effects identical to those of striatal MeCP2 knockdown. We found that striatal MeCP2 knockdown potentiated the stimulatory effects of cocaine on striatal miR-212 (and miR-132) expression in extended access rats. Moreover, inhibition of striatal miR-212 signaling using an antisense oligonucleotide rescued the decreased cocaine intake seen in MeCP2 knockdown rats with extended access. MeCP2 therefore controls cocaine intake, and may influence vulnerability to cocaine addiction, by regulating the stimulatory effects of the drug on striatal miR-212 expression. As miR-212 and miR-132 share close sequence homology and similar homeostatic relationships with MeCP2, it will be important to determine the role of miR-132 in regulating cocaine intake.
In addition to repressing miR-212 expression, MeCP2 in turn is repressed by miR-212. Thus, MeCP2 and miR-212 are locked in a state of negative homeostatic balance in the striatum similar to that reported between MeCP2 and miR-132 in mouse cortical neurons 13 . Notably, the reciprocal interaction between miR-212 and MeCP2 depended upon the level of access to cocaine. For example, striatal MeCP2 knockdown did not alter miR-212 expression in cocaine-naive or restricted-access rats, but it potentiated the increased miR-212 expression detected in extended access rats. Similarly, striatal miR-212 overexpression moderately reduced striatal MeCP2 expression in restricted access rats, but markedly reduced Figure 7 Disruption of endogenous BDNF transmission decreases cocaine intake. Disruption of endogenous BDNF signaling in dorsal striatum using a neutralizing antibody to BDNF decreased cocaine intake in rats with extended but not restricted access to cocaine. Control IgG infusions into the dorsal striatum did not alter cocaine in the restricted or extended access rats. Two-factor ANOVA of cocaine intake data on access days 20-25: access F 1,10 = 41.8, P < 0.0001; session F 5,50 = 3.5, P < 0.01; *P < 0.05, compared with intake on access day 20 (the session before the first anti-BDNF infusion). n = 6 rats per group, and error bars are given as s.e.m.
a r t I C l e S MeCP2-miR-212 interactions control striatal BDNF levels Striatal BDNF transmission is known to increase sensitivity to the motivational effects of cocaine [21] [22] [23] [24] 39, 40 . Like MeCP2 expression, striatal BDNF expression was increased in extended but not restricted access rats. Moreover, we found that MeCP2 expression was positively correlated, whereas miR-212 expression was negatively correlated, with striatal BDNF levels. BDNF overexpression in dorsal striatum triggered an apparent loss of control over the amount of drug consumed in extended access rats, but did not alter cocaine intake in restricted access rats. Conversely, disruption of local BDNF signaling in the dorsal striatum using a neutralizing antibody to BDNF significantly decreased cocaine intake in extended access but not restricted access rats. These findings demonstrate that MeCP2-miR-212 homeostatic interactions control the effects of cocaine on striatal BDNF levels, and that cocaine-induced increases in striatal BDNF are likely to be key in the emergence of compulsion-like responding for cocaine in extended access rats. This raises the important question of precisely how MeCP2-miR-212 interactions affect striatal BDNF levels. BDNF can be synthesized locally in the striatum in an activity-dependent manner, and drugs of abuse can stimulate local BDNF production 28, [41] [42] [43] . Our findings suggest that repeated cocaine overconsumption in extended access rats triggers de novo production of BDNF locally in the dorsal striatum. Moreover, MeCP2 may facilitate this process by inhibiting the expression of repressors that block BDNF transcription, such as REST (RE1 silencing transcription factor, also known as NRSF) 18 . In the same manner, miR-212 could decrease striatal BDNF by knocking down MeCP2 expression, thereby disinhibiting repressors of BDNF transcription. An alternative mechanism to explain these actions is the recent finding that MeCP2 may serve as a necessary coactivator of CREB activity at the promoters of a subset of CREB-responsive genes, including BDNF 17 . In this manner, MeCP2 levels may determine the stimulatory effects of CREB signaling on BDNF production in striatum. Whatever the underlying mechanisms, our data demonstrate that MeCP2 and miR-212 exert opposite effects on striatal BDNF levels and suggest that homeostatic interactions between these two factors may be key in determining vulnerability to cocaine addiction.
MeCP2-miR-212 interplay may regulate addiction vulnerability
The notion that homeostatic interactions between MeCP2 and miR-212 control the motivational properties of cocaine may help resolve several curious aspects of cocaine-taking behavior. In particular, given that striatal CREB and miR-212 signaling is engaged by cocaine overconsumption, and feedforward interactions between the two factors can limit drug intake, it is something of a paradox that the motivation to consume cocaine can still increase in extended access rats, reflected in escalating intake across sessions. Indeed, we found that cocaine intake escalated in extended access rats even though miR-212 expression was upregulated by ~1.75-fold under this access condition 11 , although it is noteworthy that disruption of endogenous miR-212 signaling markedly accelerated escalation of intake 11 . This suggests that proaddiction neuroplastic responses to cocaine can oppose the protective effects of miR-212 and CREB. In this regard, cocaine-induced increases in MeCP2 blunted the responsiveness of miR-212 expression to cocaine, with striatal miR-212 levels increasing ~6-fold after MeCP2 knockdown in rats with extended cocaine access. Striatal MeCP2 signaling therefore represents a proaddiction response that facilitates the emergence of compulsive drug use by attenuating the otherwise large increases in miR-212 expression that would be observed in response to cocaine overconsumption, thereby limiting the protective effects of miR-212. This finding highlights the complexity of miR-212 signaling in striatum, in which it can powerfully counteract the motivational properties of cocaine, yet itself is negatively regulated by a transcription factor that may increase the behavioral actions of cocaine. On the basis of these findings, it is likely that factors influencing MeCP2-miR-212 homeostasis have a profound influence on vulnerability to addiction. Specifically, factors that shift this dynamic balance in the favor of MeCP2, perhaps by increasing the methylation status of the miR-212 gene promoter, may increase vulnerability. Conversely, factors that shift the balance toward miR-212, perhaps through demethylation of its promoter or inhibition of MeCP2 signaling, may decrease vulnerability to addiction.
Finally, the above findings suggest that BDNF signaling in dorsal striatum is key in facilitating the transition from controlled to compulsive cocaine-taking behavior, and that miR-212 may decrease cocaine intake through knockdown of striatal MeCP2, resulting in lower BDNF levels. Of particular note, we recently reported that miR-212 amplifies striatal CREB signaling in a Raf-1 kinase-dependent manner 11 . Given that increased striatal CREB signaling reduces cocaine intake under extended but not restricted access conditions 11 , we proposed that miR-212 controls cocaine intake through a stimulatory effect on striatal CREB signaling 11 . Indeed, overexpression of CREB or the essential coactivator TORC (transducer of regulated CREB, also known as CRTC) in NAcc or dorsal striatum attenuates the motivational effects of cocaine and can increase aversion-like responses to the drug 11, 44 . Conversely, disruption of striatal CREB signaling increases sensitivity to cocaine reward [44] [45] [46] [47] . CREB-induced increases in NMDA receptor subunits 48 and sodium channels 49, 50 , or decreases in potassium channels, are hypothesized to counteract the motivational effects of cocaine by enhancing excitability of striatal medium spiny neurons, cells that are inhibited by cocaine. In addition, stimulatory effects of CREB on dynorphin 44 or G-protein receptor kinase-3 (GRK3) 45 may also counter the motivational effects of cocaine. Thus, it seems that miR-212 may serve as a fulcrum in the striatum linking the actions of cocaine on CREB and BDNF signaling, simultaneously increasing CREB signaling while decreasing BDNF expression, and thereby limiting cocaine intake. Indeed, when we knocked down striatal MeCP2 in extended access rats, we found that miR-212 expression was increased concomitant with a decrease in BDNF expression and significantly enhancement of striatal CREB signaling (reflected in increased Fos mRNA expression). As CREB is known to increase BDNF 43 and MeCP2 expression 13 , our data further suggest that miR-212 serves to 'filter' CREB signaling, such that the impact of the CREB signaling on genes that protect against cocaine is maximized, while its stimulatory actions on genes that may enhance the actions of cocaine are minimized. This interpretation reconciles the positive coupling of CREB to MeCP2 and BDNF expression, and yet the opposite effects of CREB and MeCP2/BDNF signaling on cocaine-taking. More generally, this highlights the fact that miR-212, and perhaps many other miRNAs, are uniquely positioned to fine-tune transcriptional and neuroplastic responses to drugs of abuse. Indeed, the concerted actions of miR-212 on CREB, MeCP2 and BDNF, and perhaps on many other addiction-relevant signaling cascades, suggest a r t I C l e S that miR-212 may be a key focal point in controlling cocaine-induced striatal neuroplasticity and vulnerability to addiction.
METHODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/natureneuroscience/.
Note: Supplementary information is available on the Nature Neuroscience website.
